Rotation and strain fields were mapped across silicon-on-insulator (SOI) regions induced by overlying stressed Si 3 N 4 features using x-ray nanobeam diffraction. The distribution in SOI tilt exhibited an antisymmetric distribution with a maximum magnitude of 7.9 milliradians, representing one of the first direct measurements of the lattice tilt conducted in situ within buried layers using a spot size of less than 100 nm. The measured rotation distribution corresponds to simulated values generated by boundary element method modeling, indicating that the strain transfer into the underlying SOI primarily induces elastic deformation.
I. INTRODUCTION
The tailoring of strain distributions within semiconductor features represents a key method to enhance performance in current and future generations of complementary metaloxide semiconductor (CMOS) devices. A number of strategies have been employed to generate strain within the inversion layer of the channels in CMOS devices, including the deposition of liner materials that possess significant values of residual stress. 1 Because this implementation produces heterogeneous strain distributions within CMOS devices, the calculation of the strain across the channel region solely from electrical parameters, which average the piezoresistive response over multiple regions of dissimilar doping conditions, can produce significant error. The measurement of the distribution of strain across the current-carrying paths of the device and the surrounding environment is critical.
Several techniques have been applied in the determination of rotational deformation induced by strain fields within individual CMOS structures. The most prevalent ones include electron backscattered pattern (EBSP) microscopy, transmission electron microscopy (TEM) based techniques, and synchrotron-based microdiffraction. While conventional EBSP systems possess an angular resolution in the range of 0.5 to 1.0 , 2 refinements to the technique, including larger specimen to detector distances and cross-correlation approaches, can reduce this value by approximately 1 order of magnitude.
2 Because the information depth from which the elastically scattered electrons are detected is estimated to be less than 25 nm for Si, 3 it is not possible to interrogate subsurface regions or buried layers. Although high-resolution TEM (Refs. 4 and 5) and convergent beam electron diffraction 6 (CBED) approaches possesses a spot size on the order of nanometers, significant sample preparation is required to produce an electron-transparent specimen, unequivocally altering the stress state of the original features. Applying CBED to the measuring of strain in siliconon-insulator (SOI)-based structures becomes difficult due to higher order Laue zone line splitting, which complicates the correlation of simulated CBED patterns to the experimental images. 6 Micro-Raman measurements can indirectly measure deformation within amorphous and crystalline materials by analyzing changes in phonon frequencies, 7 but they cannot provide information about lattice misorientation within strained features. X-ray diffraction topography was first demonstrated as a method to detect in situ substrate lattice strain and tilt due to overlying stressor features. 8 Although synchrotron-based, high-resolution x-ray diffraction measurements averaged over hundreds of strained silicon features report an effective resolution of 8 nm, 9 these techniques require extensive simulation in order to solve the inverse problem of reconstructing the actual deformation profile through iterative methods. Similar issues are associated with lensless x-ray diffraction imaging, 10 in which either oversampling or holographic interference 11 with a reference wave is required to reproduce the deformation field. Real space x-ray microbeam measurements, 12, 13 which directly determine the lattice spacing in particular orientations, are the only tools that provide in situ information about both the strain and the rotation of a single feature at a submicron scale.
II. EXPERIMENT
The current study was undertaken in order to quantify the distribution of local lattice tilt and strain within the SOI layer induced by overlying Si 3 N 4 structures. Compressively The hard x-ray nanoprobe (HXN) at the 26-ID beamline of Argonne National Laboratory's Advanced Photon Source was used for the x-ray microdiffraction measurements. The HXN scanning probe diffraction capability is based on differential scanning of an x-ray focusing optic relative to a nanoscale object at a step size of 2 to 4 nm with a positioning stability of approximately 10 nm over the course of hours to days, utilizing a hybrid nanopositioning optomechanical scanning structure.
14 A double-stacked Fresnel zone plate focused incident x-rays with a photon energy of 10 keV (k ¼ 1.2394 Å ) on the sample, with a beam footprint of approximately 70 nm across the strained feature and 150 nm along the feature for the sample positioned to a Bragg angle of 27.17
. The offset in crystallographic orientation between the substrate and the SOI layers (approximately 0.24 ) was large enough so that diffraction patterns could be collected separately from each of these regions by changing the detector and sample angles. Mapping of the distribution of the Si (004) diffraction patterns was conducted using a two-dimensional, Princeton PIXIS TM CCD detector. Images were collected for 90 s, using a step size of approximately 50 nm across the sample, and were dark-count subtracted prior to analysis. Figure 2 depicts the Si (004) diffracted intensity distribution as detected on the CCD camera, where the two lobes of intensity observed at different values of v (out-of-plane rotation) correspond to the diffracted intensity from the SOI layer as illuminated by the focused x-ray beam. 15 The central spot corresponds to unfocused x-ray intensity not blocked by the beam stop. The horizontal width (along 2h) of the lobes is much smaller than that in the vertical direction (v) because the diffraction condition acts to reduce the intrinsic divergence of the incident beam as focused by the zone plate. To analyze the strain and tilt in the SOI, portions were extracted from each CCD image and integrated along the 2h-direction or the v-direction. By dividing the sample-to-detector distance (540 mm) by the pixel size (13.0 lm), we calculate that each pixel encompasses approximately 24 microradians in angular space.
III. RESULTS
For the plots averaged in 2h, the two regions of intensity were fit to Lorentzian functions in order to determine the peak centers. Results from the average SOI tilt are shown in Fig. 3 , where the magnitude of the maximum tilt of the SOI lattice corresponds to 7.9 mrad or 0.45
. The inset in Fig. 3 describes the geometry of the lattice tilt, where a positive value corresponds to rotation about the x 2 direction. An antisymmetric rotation profile is obtained in which zero tilt of the SOI is observed under the center of the Si 3 N 4 feature.
A corresponding analysis of the single peak centers from the plots averaged along v was performed. The depthaveraged strain at each point in the SOI layer is related to the measured shift in 2h, D2h, which represents twice the change in the Bragg angle, h 0 , according to the following equation: 
where d 0 and d 3 refer to the unstrained and out-of-plane SOI lattice spacing, respectively. Note that Eq. (1) differs from the analogous relation derived from Bragg's law because the large divergence of the incident x-ray beam (62.3 mrad) induces a Dh shift in the beam as it impinges on the sample. The subsequent position of the center of diffracted intensity as measured on the CCD image along the 2h direction actually corresponds to a shift of Dh. 15 The resultant, out-ofplane strain values are depicted in Fig. 4 , where a maximum compressive, out-of-plane strain is observed at the feature center and decreases as one approaches the feature edges.
IV. MODELING
Simulations of the deformation within the composite structure were performed using a two-dimensional boundary element method (BEM) model. A description of the implementation of this model can be found in Murray et al. 16 The model assumes that the substrate consists of a homogeneous, linear elastic half-space and that a plane strain condition exists along the orthogonal, in-plane direction (@/@x 2 ¼ 0). The first assumption is reasonable, given that the underlying buried oxide layer does not significantly impact the overlying mechanical behavior of the SOI and Si 3 N 4 structures. The second assumption is a consequence of the sample geometry in which the feature spans 2 mm along the x 2 -direction. The depth-averaged lattice spacings, c Si , in the SOI can directly be transformed into out-of-plane strain values:
where a Si is the unstressed lattice spacing, a value determined by measuring the Si substrate lattice. Bragg's law was used to relate the measured diffraction peaks to lattice spacings by performing Lorentzian fits of the SOI (004). The displacement, w, in the out-of-plane direction is used to calculate the depth-averaged out-of-plane strain, e 33 :
Because of the plane-strain assumption, the only nonzero tilt of the Si lattice occurs about the x 2 axis. Rotation in the material is calculated under linear, isotropic elasticity using the following formula:
where u refers to the in-plane displacement, s 13 is the shear stress in the x 1 -x 3 plane, and G is the shear modulus of the material. The depth-averaged rotation in the SOI can be calculated as -
The first term on the right-hand side of Eq. (5) is calculated by solving for the displacement field along the boundaries of the SOI layer using the boundary element method. The second term requires the numerical integration of the shear stress values, determined at interior points within the SOI, along the x 3 -direction for each value of x 1 . Note that under linear elastic isotropy,
, where E, the Young's modulus and m, the Poisson's ratio are assumed to be 162.5 GPa and 0.28 for Si and 160 GPa and 0.3 for Si 3 N 4 in the BEM modeling. The SOI underneath the Si 3 N 4 regions resides between x 3 ¼ 0 and 140 nm, with the Si 3 N 4 occupying the region between x 3 ¼ 0 and À100 nm. In the bare SOI regions, the thickness of the SOI was reduced to 130 nm. The in-plane, biaxial residual stress, r B , in the Si 3 N 4 structure was determined from previous measurements under the 2 Â 2 mm feature to be À2.5 GPa. 16 This represents the driving force, which is elastically relaxed by transferring strain to the underlying SOI. The corresponding eigenstrain, De, in the features can be calculated using Eq. (6):
A comparison of these results to the simulated values generated using the BEM simulations is depicted in Figs. 3 and 4 . The depth-averaged SOI rotation under a Si 3 N 4 feature possessing an eigenstrain of 0.011%, calculated from Eqs. (5) and (6) , follows the observed rotation field (Fig. 3) , with the best correspondence at the maximum predicted values near the feature edges. The calculated depth-averaged strain profiles in Fig. 4 exhibit the same trends as the measurements, although the BEM simulations predict a larger magnitude of strain than that which is observed. At the feature edges, the strain gradients present in the SOI produce a sufficiently large distribution in the out-of-plane deformation to enable the discerning of a diffraction peak. Because the deformation fields at the corner of the feature edge adjacent to the SOI layer become singular, as predicted by linear elastic models, the true out-of-plane strain close to the feature edge will diverge from the simulated values and approach a finite maximum. As the effective spot size of the x-ray beam decreases, our ability to resolve discrepancies between the deformation in strained structures and predicted mechanical behavior may reach a point at which we can identify regimes in which continuum treatments no longer hold. Future work will be devoted to investigating the actual length scales and magnitude of strain associated with these regimes.
V. CONCLUSIONS
Rotation and strain fields were mapped across siliconon-insulator (SOI) regions induced by overlying stressed Si 3 N 4 features using x-ray nanobeam diffraction, representing one of the first direct measurements of the lattice tilt conducted in situ within a single, buried layer at sub-100 nm resolution. Because of the large divergence of the beam produced by the zone plate optic, the shift in Bragg angle due to strain distributions, as detected from CCD-based measurements conducted across the region of interest, corresponds to the peak shift observed on the CCD along the 2h direction. A comparison of the measured rotation and strain distributions to boundary element method modeling demonstrates that deformation within the SOI is primarily elastic in nature.
